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(54) Volatile organic compound sensors 

(57) A sensor ( 1 0) for reversibly detecting target vol- 
atile material in the gas phase comprises a dielectric 
substrate (12) having a major surface, a pair of electri- 
cally conductive electrodes (14a, 14b) disposed on said 
major surface of said substrate (12). and a conductive 
polymer (16) covering said pair of electrically conduc- 
tive electrodes (14a. 14b). said conductive polymer (16) 
doped with appropriate dopants, said dopants present 
in said conductive polymer (16) in measurable excess of 
said stoichiometrically required to change said conduc- 
tive polymer (16) from a neutral state to a charged state 
to provide requisite conductivity, said sensor (10) being 
capable of detecting the presence of said target volatile 
material at a concentration of less than about 500 ppm. 
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Description 

This invention was made with Government support under Contract No. N66001 -93-X-601 2 awarded by the Depart- 
ment of the Navy. Further, this invention is being used by the Department of the Navy under Contract No. TRP-Coop- 
5 erative Agreement No. NOO0 14-95-2-0008. The Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

10 

The present invention relates generally to sensors for volatile compounds in the gas phase, and. more particularly, 
to highly sensitive sensors for sensing the presence of target volatile organic compounds contained in fugitive emis- 
sions and vehicle exhaust, among other applications. 

15 2. Description of Related Art 

There is an ever-increasing desire to reduce gaseous emissions from industrial sources, given the environmental 
and health threats such emissions may pose. Most of the industrial air pollutant emissions are generated by two types 
of companies, namely chemical manufacturing companies and oil refineries. Emissions from these types of industries 
20 are of two basic types: (1) stack gas emissions, and (2) fugitive emissions (/.e.. leaks), the latter of which represent 
about one-half of the total emissions. Therefore, a major decrease in total emissions from these industrial sources will 
require a significant reduction of fugitive emissions. 

There is a huge potential for the reduction of fugitive emissions in chemical plants and oil refineries. Both types of 
plants have processing facilities that are characterized by a large number of valves, flanges, and fittings, each of which 
25 is a potential source of fugitive emissions. A typical facility will have about 40.000 valves and about four to six times as 
many flanges, or about 1 00,000 to 300,000 potential leak sources. A leaker is typically defined as a fitting with 500 ppm 
or more hydrocartxjn in the surrounding air, although some companies may employ a lower value. 

Currently, personnel with sniffers walkthrough such facilities as chemical plants periodically checking for leaks. The 
hand-held sniffer typically consists of a long tube through which air samples are drawn to reach a flarfie ionization 
30 detector component. If there is a continuous problem with a valve or fitting, it is bagged and samples are taken for anal- 
ysis by gas chromatography. High leakers, herein defined as those with 50,000 ppm or more of hydrocarbons in the sur- 
rounding atmosphere, must be identified quickly and repaired with 24 hours. 

A primary problem with the use of sniffers for leak detection is that this method does not provide continuous, 
around-the-clock monitoring. Some fittings are checked as infrequently as once or twice a year. If a fitting leaks, the leak 
35 will continue until the next check period. Such un-repaired fittings may present an explosion hazard if allowed to leak 
undetected. Another problem with the use of sniffers is that there is often difficulty in reaching some valves for sampling, 
such as those near the ceiling or those on an offshore rig. Yet another problem in the use of sniffers by personnel is data 
management: each fitting must be recorded when it is checked. 

Other areas in which the detection of volatile compounds in gaseous emissions would prove useful include the 
40 detection of pollutants (such as hydrocarbons, aromatics. and gaseous inorganic oxides) in vehicle exhaust and the 
detection of chemical weapon materials in military operations. These technologies wouW require sensors with 
increased sensitivities over those used to detect fugitive emissions. Specifically, sensors to be used in the ambient air 
in which target vapors are greatly diluted with air may require sensitivities of at least 100 ppm and often in the sub-ppm 
regime. In contrast, sensors for fugitive emissions can have relatively low sensitivity, since such sensors may be placed 
45 near the source of the leak or the leak can be partially confined in the region of the sensors such that the vapor con- 
centration is very high. Thus, the detection of components m such applications as vehicle exhaust and military opera- 
tions involving chemical weapons can be limited by the sensitivity of the sensors. 

An inexpensive sensor that may be easily and flexifcjly employed in chemical plant environments to continuously 
monitor fugitive emissions is disclosed in U.S. Patent No. 5.41 7.100. entitled "Reversible Sensor for Detecting Solvent 
50 Vapors" and assigned to the same assignee as the present application. Specifically, this patent discloses a fugitive 
emissions sensor for reversibly detecting solvent vapors that comprises a pair of electrically-conductive interdigitated 
electrodes disposed on the surface of a dielectric substrate and a composite coating covering the interdigitated elec- 
trodes comprising (1) a conductive polymer having a conductivity within the range of about 10'® to 1 S/cm. and (2) a 
dielectric polymer with an affinity for the solvent vapors of interest. The dielectric polymer is the major component of the 
55 composite coating and serves as an attractant for the targeted solvent vapor. The ratio of conductive polymer to dielec- 
tric polymer in the ' 1 00 patent is about 1 : 1 to 1 :5, It is contemplated in the ' 1 00 patent that readings from such sensors 
as disclosed therein would be monitored and recorded by a computer, which would then notify operators of the occur- 
rence and location of any detected leaks. 
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It is known to use conductive polymers as the active material in sensors for detecting a variety of compounds, such 
as acids, alcohols, complex metal ions, and proteins (see, e.g.. M. D. Imisides et al. "Microsensors based on conducting 
polymers". Chemtech, May 1996. pp. 19-24). Stable conductive polymers include polypyrrole. polythiophene, and poly- 
aniline (PANi); such materials may be readily modified by the attachment of particular functional groups and/or the 
5 incorporation of appropriate counterions during synthesis in order to detect, by selective interaction, specific com- 
pounds. Conductive polymer sensors are advantageous because they are compact, simple, inexpensive, and easy to 
make. 

While the sensors disclosed in U.S. Patent No. 5.41 7. 100 are effective in sensing targeted solvent vapors, the com- 
posite nature of the material coating the electrodes undesirably adds complexity to the manufacture of the sensor, such 
w as the attainment of uniformity of distribution of the conductive polymer and the dielectric polymer in the composite 
coating. 

Another monitoring device using conductive polymers is known which indicates the presence of acid. This device 
is disclosed in U.S. Patent No. 5.331.287. entitled "Device and Method for Sensing Water and/or Acid in the Presence 
of Water in Non-Aqueous Media" and assigned to the same assignee as the present application. Specifically, a sensor 

15 is disclosed therein for monitoring the water and acid content that is particularly suited for monitoring the quality of non- 
aqueous fluids in equipment or vehicles. The sensor comprises an insulating substrate, interdigitated electrodes formed 
on the substrate, and a conductive polymer deposited over the interdigitated electrodes that bridges between adjacent 
digits thereof. The conductive polymer reversibly increases conductivity in measurable amounts with increasing acid 
and/or water content due to protonation by the acid or hydration by the water. While the sensors of the '287 patent are 

20 effective in the monitoring of water and acid, the conductive polymer is limited in application to monitoring compounds 
capable of protonating the polymer, such as water and acid. The sensors do not employ specific counterions to alter the 
charge balance in the conductive polymer. 

U.S. Patent No. 5,337.018. entitled "Electronic Sensor for Determining Alchohol Content of Fuels" and assigned to 
the same assignee as the present application, discloses a sensor useful in measuring the alcohol content of gasoline. 

25 The sensor comprises a substrate, at least two electrodes deposited on the substrate, and a conductive polymer coat- 
ing and thereby shorting the electrodes. The conductive polymer has a resistance that changes as a function of alcohol 
concentration. This resistance is achieved by converting the conductive polymer to its oxidized state, which is accom- 
plished during electrochemical deposition rather than with an extra "doping" step. Similar to the sensors of U.S. Patent 
No. 5.331 .287. the sensors of the '018 patent are limited in application to the determination of a specific class of com- 

30 pounds, in this case alcohols, 

European Patent Application 596.973. entitled "Device for Sensing Volatile Materials", discloses a device for sens- 
ing volatile material in the gas phase comprising a pair of electrical contacts with a semi-conductive polymer extending 
between the contacts. A charge balance in the polymers is achieved using counterions in a proportion of about one 
counterion to four monomer units. Typical polymers used include polypyrrole, poly-N-methylpyrrole. poly-3-methylthi- 

35 ophene. polyaniline. poly-5-carboxyindole. poly-3-methyl-phenylamine. polybithiophene. polythiophene, poly-3-thi- 
opheneacetic add, and polyfuran. Typical counter-ions that may be used to syntiiesize the polymers may be 
tetrafluoroborate. alkyi sulphonates, tetramethylammonium chloride, chlorates, and perchlorates. The sensors of the 
•973 reference are used in the form of an array to develop a fingerprint of a particular "odor." Specifically, the '973 refer- 
ence teaches the use of an an-ay of eleven sensors to distinguish between different brands of lager beer and between 

40 two samples of tiie same beer that had been stored differentiy. However, this document fails to disclose the detection 
of any other volatile organic compounds; any specific volatile organic conrpcunds: threshold limits of detection of any 
volatile material; or ttie influence of counterions on tiie sensitivity of tiieir sensors to any volatile materials. 

Thus, a need remains for a compact, low-cost, highly-sensitive sensor having a conductive polymer as the active 
element that is adaptable tor a metiiod of monitoring gaseous emissions in an ambient environment for a variety of spe- 

45 cif ic target volatile compounds which may be greatiy diluted by air. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a sensor is provided which is based on a conductive polymer as the 
so active transducer to detect the presence of target volatile compounds in amtjient air environments. The conductivity of 
the conductive polymer is modulated predictably and reversibly in the presence of certain volatile compounds, thereby 
enabling the detection of such compounds. Specifically, the sensor conprises: 

(a) a dielectric substi-ate having a major surface; 
55 (b) a pair of electrically conductive electrodes disposed on the major surface of the substrate: and 

(c) a conductive polymer covering the pair of electrically conductive electrodes, the conductive polymer doped with 
appropriate dopants, with the dopants present in the conductive polymer in measurable excess of that stoichiomet- 
rically required to change the conductive polymer from a neutral state to a charged state to provide requisite con- 
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ductivlty. 

The present sensor is capable of detecting the presence of a target volatile material at a concentration of less than 
about 500 ppm. A method of detecting target volatile material at less than about 500 ppm is provided employing this 
5 sensor. 

At the heart of the invention is the use of pure conductive polymers, as opposed to composite films such as 
employed in U.S. Patent No. 5,417.100. doped with counterions selected to attract certain specific chemical classes of 
volatile compounds which may be similar in nature to the counterion. The sensitivity of the sensors Is unexpectedly 
increased by the use of an excess (greater than stoichiometric amount) of the conjugate counterion where the stoichi- 

70 ometric amount is only that amount required to balance all charge on the conducted polymer. The sensors of the inven- 
tion are capable of an unexpectedly high degree of sensitivity to challenge vapors, such that these sensors are capable 
of detecting target vapors present at less than about 500 ppm in the surrounding ambient environment. A method of 
making the present sensors is provided which recites doping the conductive polymer with a stoichiometric excess of 
counterion to achieve enhanced sensitivity. 

IS The sensor device of the invention is useful in the detection of target volatile compounds in ambient air environ- 
ments. A method for using such a sensor device comprises (a) connecting the sensor to a mechanism capable of com- 
municating the presence of the target volatile material upon detection thereof by the sensor; and (b) positioning the 
sensor such that it is exposed to ambient air in an area of concern regarding the presence of the target volatile material. 
Specific applications include the detection of fugitive emissions from fittings in chemical manufacturing environments; 

20 the detection of certain pollutants in vehicle exhaust; and the detection of certain pollutants near chemical handling 
operations, such as painting. 

It is contemplated that the sensors of the invention may be employed either independently or as part of an array of sen- 
sors. Specifically, a monitoring system might include a compilation of a number of sensors into an array, which, through 
appropriate data manipulation, would generate a signature for each vapor, even in the presence of other interferences. 
2S In this manner, one enhances the selectivity of the present sensors in operation while also reaping the benefit of their 
inherent sensitivity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 FIG. 1 is a top plan view of an interdigitated sensor of the invention; 

FIG. 2 depicts the chemical structure of the Insulating emeraldlne base form and the conductive emeraldine salt 
form of polyaniline. shown as the p-toluenesulfbnic add salt, which is employed as a conductive polymer in the 
practice of the invention; 

FIG. 3 is a schematic showing implementation of the sensor of the invention as part of an array of sensors: 
3S FIG. 4 is a schematic showing implementation of the sensor of the invention in an alarm system; 

FIG. 5. on coordinates of coating mass (in grams) versus coating thickness (in ^m), is a plot of coating mass as a 
function of coating thickness for different deposition sweeps; 

FIG. 6 is a schematic of a typical test apparatus employed in performing the examples described below; 
FIG. 7. on coordinates of sensor current (in amps) versus time (in minutes), is a plot of current as a function of time 
40 employing one embodiment of the device of the invention in response to various challenged vapors, namely octane, 
xylene, butyl acetate, and methyl isoamyl ketone; 

FIG. 8. on coordinates of normalized response versus time (in minutes), depicts the response curve obtained for a 
polyaniline-dodecylbenzenesutfonate sensor versus toluene; 

FIG. 9. on coordinates of sensor current (in amps) versus time (in minutes), is a plot of current as a function of time 
45 employing a sensor using Monsanto's soluble solyaniline, which is doped with a proprietary counterion. in response 
to various challenge vapors, including octane, xylene, butyl acetate, methyl isoamyl ketone, and also in response 
to immersion in a solution of polyethylene glycol and methanol; 

FIG. 10 is a bar graph depicting, for various compositions of sensor coatings, the relative responses to butyl ace- 
tate, methyl isoamyl ketone, octane, and xylene; and 
so FIG, 1 1 . on coordinates of normalized response versus time (in minutes), depicts the response curve obtained for 
a polyaniline-dodecylbenzenesuHbnate sensor versus toluene, with the conductive polymer coating of the sensor 
containing an excess dodecylbenzenesulfonate in the practice of the invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

55 

The sensor and method of the invention provide an easily implemented manner by which to monitor ambient air for 
the presence of certain target volatile compounds, such as polar and nonpolar volatile organic compounds and sol- 
vents. Specifically, this Invention addresses polar compounds such as diethyl phosphite, dimethyl sulfoxide, methanol. 
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triethyl phosphate, n-butyl acetate, and methyl isoamyl ketone, and non-polar connpounds such as benzene, toluene, 
and xylene. The sensor is highly sensitive and is capable of detecting the presence of target volatile compounds to con- 
centrations less than about 500 ppm in ambient air. or even loss than about 100 ppm given the performance of certain 
steps in formulating the sensor. 

5 FIG. 1 depicts an embodiment of the sensor 10 of the invention. The sensor 10 comprises (1) a dielectric substrate 

12; (2) at least two electrically conductive electrodes 14a, 14b disposed on the surface of the substrate: and (3) a con- 
ductive polymer 16 having an affinity for the vapors that one wishes to detect. One electrode 14a is called the analyte 
electrode while the second electrode 14b is called the reference electrode. The conductive polymer 16 exists as a thin 
film coating the electrodes 14a, 14b. In FIG. 1 . the polymer coating is broken away to show the underlying electrodes, 

10 which are interdigitated in this embodiment. 

Examples of suitable dielectric substrates 12 include glass and ceramics. In this connection, any of the common 
silica-based, phosphate-based, borate-based or other oxide-based glasses or mixtures of these may be employed in 
the practice of the invention. Further, any of the common oxide ceramics, such as alumina, magnesia, calcia. quartz, 
and the like and mixtures of these may be employed in the practice of the invention. Alternatively, any dielectric polymer 

75 having a low affinity for hydrocarbon vapors may be employed in the practice of the invention. Examples of such dielec- 
tric polymers include polyethylene terephthalate. fluorinated polymers (such as Teflon^"), the acrylics, such as 
poly(methyl methacrylate). and polyimides. such as Kapton'", which is commercially available from Du Pont of Wilm- 
ington. Delaware. 

The electrically-conductive electrodes 14a, 14b generally comprise a conductive metal or metals, and preferably 
20 comprise metals that have no reactivity with the other components of the sensor or with the vapors present in the sur- 
rounding atmosphere. An example of a metal that has been successfully used for the electrodes 14a, 14b is gold, which 
has been formed over a tungsten-titanium alloy the alloy serving to provide good adhesion of the gold to a glass sub- 
state 12. Other suitable conductive materials include platinum, palladium, and carbon. As with gold, an adhesion layer, 
employing any of the well-known adhesion layer materials, may be employed in conjunction with the metal electrodes 
25 1 4a, 1 4b. Preferably, the electrodes 14a, 14b comprise gold in the practice of the invention. The thickness of such adhe- 
sion layers is typically on the order of tens of Angstroms. 

The electrodes 14a, 14b may be arranged in an interdigitated fashion, as shown in FIG. 1 . or may be in some other 
configuration, so long as the conductive polymer coating shorts the two electrodes. The electrode nnaterial is deposited 
on the insulating substrate by well-known deposition techniques, typically photolithographic techniques, and such proc- 
30 ess does not form a part of this invention. Typically, the metal layer is blanket-deposited and patterned. 

The parameters of the interdigitation {i.e., number of finger pairs, length of fingers, width of fingers, periodicity, and 
electrode thickness) are not critical. For exemplary purposes only, gold interdigitation may comprise 50 finger pairs, with 
each finger about 5 mm long, 25 ^m wide, with a 60 jim period, and about 2 jim thick. 

The use of two interdigitated electrodes 14a, 14b as shown in FIG. 1 provides an analyte area 18. The ambient air 
35 interacts with the conductive polymer 16 to change its conductivity if the target volatile compound is present in the air 
at detectable levels. 

The electrical modulation in conducting polymers is sensitive to temperature, and it may be desirable to provide a 
means for compensating for operation of the sensor at higher temperature. One way to achieve this is to provide a third 
reference electrode 20. This reference electrode may be interdigitated with the reference electrode 14b to provide a ref- 

40 erence area 22. The reference area, which is also covered with the conductive polymer 16. is further covered with an 
inrpervious material (not shown) so as to prevent interaction of the ambient air with the electrodes 14b, 20 in the refer- 
ence area 22. Examples of suitable impervious materials include silicon dioxide, silicon nitride, poly(methyl methacr- 
ylate) polystyrene and multilayers derived therefrom. Both electrode areas 18 and 22 experience the same 
temperature, but only analyte area 18 reacts to the mixture containing the targeted volatile compound. 

45 A conductive polymer suitably employed in the practice of the invention preferably is one having a conductivity of 
about 10'^ to 1 S/cm. However, it is not the absolute conductivity that is as important in the practice of the invention as 
is the change in conductivity as the sensor experiences different environments. Such change in conductivity is meas- 
ured by a change in current, which can range as small as about 100 nA to about 100 mA. Such changes in conductivity 
cap range from less than 1% to several orders of magnitude. Even small changes can be detected and therefore these 

50 changes in the conductivity of the conductive polymer 16 are readily correlated to the presence of the target volatile 
organic compound. 

Examples of conductive polymers 16 suitably employed in the practice of the invention include poiyaniline. polythi- 
ophene. polypyrrole. poly(p-phenylene vinylene). derivatives of these polymers, and mixtures of these materials. Exam- 
ples of derivatives of the conductive polymers suitably employed in the practice of the invention are those with 
55 substituents on the aromatic rings. These substituents include alkyt groups (e.g., C4 to C^s) and alkoxy groups (e.g.. 
OC4 to OCia)- The advantage of the longer chain alkyi and alkoxy groups is that the resulting polymers become more 
soluble the longer the chain, which is useful in casting thin films of the polymer. Preferably, poiyaniline and polythi- 
ophene. and their derivatives, are ennployed in the practice of the invention, although polypyrrole and some of its deriv- 
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atives also serve as good conductive polymer sensors. 

The heart of this invention is the use of specifically-formulated conductive polymer films which are designed to pro- 
vide highly sensitive volatile organic compound detection. It is believed that only certain sensor film formulations can 
provide the required sensitivity typically desired for volatile organic compound sensing applications, namely a sensitivity 
5 in the range of less than about 500 ppm. 

The conductive polymers have an affinity for target vapors that may derive from the counterion associated with a 
conductive polymer. The conductive polymers 16 are typically doped with appropriate counterions to provide the poly- 
mers with the requisite conductivity-without doping, the polymers are always less conductive and may in fact be insula- 
tors. 

10 Examples of counterions that may be suitably employed to serve as attractants in the conductive form of polyaniline 
include p-toluenesulfonate. copper phthalocyanine-tetrasulfonate. poly(styrenesulfonate), camphorsulfonate, dodecyl- 
benzenesulfonate. butanesulfonate. octanesulfonate. hexadecanesulfonate. octadecanesulfbnate. and bisulfate. An 
example of a counterion suitably employed for the conductive form of polythiophene (and its 3-alkyl derivatives) is 
FeCl4*. Mixtures of counterions may be employed in the practice of the invention, 

15 For polar volatile organic compounds such as triethyl phosphate, the proper choice of counterion in the conductive 
polymer is critical to sensitivity for such vapors. The counterions may be introduced into the polymer during the electro- 
chemical preparation of the jpolymer, such as described in U. S. Patent No, 5.41 7, 1 00. among other techniques. Regard- 
less of the manner of doping employed, the proper choice of counterion is essential in achieving high sensitivity to target 
vapors. Polyaniline conductive polymers containing copper phthalocyaninetetrasulfbnate or toluenesulfonate dernon- 

20 strate enhanced sensitivity over bisulfate or camphorsulfonate formulations. These materials afford an affinity for polar 
target vapor because of specific chemical interactions between the counterion and the vapor, thereby enhancing the 
sensitivity of their films for such polar vapors. 

For non-polar volatile organic compounds such as toluene, low level sensitivity is also enhanced by counterion 
selection. Counterions such as dodecylbenzenesutfonate. octadecytsulfonate. and hexadecylsutfonate ions are suitable 

25 for detecting non-polar volatile organic compounds at or below about 500 ppm. Furthermore, in order to achieve a sen- 
sitivity on the order of less than about 100 ppm. the conductive polymer on the coated sensor must exist in a certain 
state. To achieve a sensitivity of less than about 100 ppm, the following four steps in preparing the sensor must be con- 
trolled through particular techniques: 

30 1 . the substrate surface is *'pre-treated": 

2. the polymer is prepared; 

3. the polymer film is cast on the substrate surface; and 

4. the sensor film is "post-treated" after preparation. 

35 The particular steps necessary to achieve a sensitivity of less than about 100 ppm are discussed below. Suffice it 
to say that the extent to which each of these factors is important for sensor performance depends upon the conductive 
polymer used and the target vapor being sensed, and various combinations of techniques may be necessary for a given 
sensing task. Alternately, by using variations of these procedures, a wide variety of sensing elements may be prepared, 
providing differing response characteristics to a selected target vapor. Such an approach will be highly suitat^e for an 

40 array-t>ased vapor selectivity and discrimination. 

Conductive polymers such as polyaniline combined with counterions such as dodecylbenzenesufonate. octadecyl- 
suHbnate. and hexadecylsulfbnate Ions are suitable for detecting non-polar volatile organic compounds at or below 
about 500 ppm. but for different reasons than for polar materials. These counterions certainly show a degree of affinity 
for the target vapors. However, counterion derived from surfactant sulfonic acids are preferred over other counterions 

45 such as bisulfate. camphorsulfonate. or toluenesulfonate, because the surfactant counterions also act as sotubilizing 
agents for the conductive polymer. The effect of these counterions is to provide for a conformation of the conductive pol- 
ymer which is more open and less tightly configured, resulting in a more conductive film and. most importantly, in a 
material having a conductivity that is more responsive to the presence of target organic vapors. It follows that, in the 
case of non-polar volatile organic compounds, the mechanism by which the polymer responds to the presence of the 

50 target vapor is enhanced, rather than the interaction of the polymer with the vapor. 

It has been determined that an increase in sensor sensitivity (/' e., the ability to detect materials at concentrations 
of less than about 500 ppm) may be achieved by employing excess counterion in the preparation of the conductive pol- 
ymer film such that both bound and unbound counterion is present in the film coating. Specifically, a increased sensi- 
tivity was demonstrated in the evaluation of polyaniline-dodecylbenzenesulfonate (D6SA) film. The additional untx)und 

55 counterion serves to increase the extent of de-coiling of the polyaniline polymer and also the responsiveness of the pol- 
ymer to organic vapors. The Examples below demonstrate that an excess of one part of DBSA added to one part of the 
conductive polymer complex substantially enhances sensor performance. This ratio is defined as "one part excess" as 
used below. 
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Besides intrcxJucing counterions into the polymer during electrochemical preparation of the polymer, the doping 
process may be accomplished by reacting the chemically-prepared polymer with an appropriate oxidizing agent. The 
latter process may resuit in a reduction of the oxidizing agent to an anionic moiety, which then serves as the counterion, 
or a counterion may be another anion in the solution. 

5 The amount of dopant stoichiometrically required to provide the requisite conductivity is about 0.5 mole per moie 

of polymer. Less dopant results in reduced yield of the oxidized monomers, while more dopant will have one of the fol- 
lowing three effects: (1) no effect, except that there would be a excess of dopant which would then be removed during 
reaction work-up; (2) attainment of the wrong polymer than desired (e.g.. over-doped); and (3) over-oxidation causing 
decomposition. Once the conductive polymer is initially doped to the requisite conductivity, the counterion cap be 

w changed by simple ion exchange by exposing the original polymer to a solution of the desired new counterion which is 
present in huge excess. Preferably, to realize the benefits from employing excess counterion, which can range from 0.1 
to 10 parts of the conjugate counterion to one part of the compiexed conductive polymer, is exposed to one part of a 
conjugate counterion. 

The conductive polymers may also have a affinity for target vapors in their insulating state, i.e.. without being doped 

15 with counterions as described above. Rather, certain polymers may have a affinity for target vapors deriving from the 
alkyi or alkoxy substituents attached to the polymer or from the chemical nature of the polymer itself. Therefore, it is con- 
templated that certain so-called ''conductive" polymers might actually be employed in sensors for target vapors while 
remaining in their less conductive or "insulating" state. 

The manner of depositing the conductive polymer film 16 onto the electrodes 14a, 14b may be accomplished by 

20 any conventional means. This process does not form part of the invention. However, it is noted that casting the films 
onto the electrodes can result in insufficient adhesion for practical application, but under certain casting conditions, this 
method can become useful. Depositing the conductive polymer thin film 16 electrochemically results in uniform thin 
films with strong adhesion. Another advantage of this deposition method is that the resulting polymer film is oxidized in 
situ so that conductive material is obtained directly, and the extra doping step may be eliminated. Such electrochemical 

25 deposition is well-known in the art. 

It is therefore typical to connect adjacent electrode surfaces 14a, 14b in parallel and to grow the conductive polymer 
16 in solution, with the lateral propagation of the conductive polymer bridging the gap between electrodes. Thus, the 
conductive polymer 16 is deposited on the substrate 12 over the electrodes 14a,14b as a thin film. Preferably, the elec- 
trode region Is completely covered. 

30 The thickness of the polymer coating 16 must be sufficient to cover the gap between the electrodes 14a,l4b, but 
not so thick as to crack. Coatings on the order of 25 ^m are considered to be preferred In this application, although the 
thickness may vary from about 0. 1 to 50^m. depending upon the size of the gap. 

The present invention preferably employs polyaniline as the conductive polymer 16. Derivatives of polyanillne, such 
as alkyI- or alkoxy-substituted polyanilines may be used as well. FIG. 2 illustrates the emeraldine base or insulating form 

35 of polyaniline which is then protonated by p-toluenesulfonic acid to the conductive form. Polyaniline is a long chain, 
highly conjugated material. Microscopically, polyaniline forms a highly fibrous morphology. The fibers are generally 
highly intertwined to yield a macroscopic material resembling a sponge with a high surface area. It is the exposure of 
the high surface area of polyaniline to the surrounding ambient air that renders polyaniline so sensitive to the presence 
of a target volatile compound. 

40 Moreover, the thermal stability of polyaniline is good. The neutral material shows stability up to 420*'C, and the 
doped or protonated material can show stability up to 250''C. but Is somewhat dependent on the chemical structure of 
the associated anion. 

The source of the conductivity in a conductive polymer is electronic, not ionic. In other words, the movement of 
charge through the film is advantageously accomplished by the nfiovement of electrons, not by the migration of Ions, as 
45 provided in conventional electrochemical devices which measure the concentration of ions present In a medium. 
Removing the sensor from the presence of the vapor being detected and placing it in uncontaminated anri^lent air 
allows the absorbed species to desorb and results in return of the sensor to Its original conductivity. Thus, the sensor 
of the invention may be generally cycled repeatedly in detecting a given species. 

In general terms, while a sensor may detect a given species in a matter of seconds or minutes, the amount of time 
50 required for the sensor to recover its original conductivity by exposure to uncontaminated ambient air is measured in 
terms of hours or days, since the desorption process is a function of several factors such as boiling point of the 
adsorbed species and the ambient temperature. Thus, the time required for the sensor to recover original conductivity 
dominates the sensor's total cycle time. However, the sensor of the invention evidences partial recovery of its original 
conductivity as quickly as one minute after being placed in uncontaminated ambient air. The below-reported examples 
55 illustrate these time-related features of the Invention. 

In order to further Improve sensor sensitivity such that materials are detectable at concentrations of less than about 
100 ppm as opposed to 500 ppm. certain other steps in the process of nnaking the sensor shoukj be performed In addi- 
tion to employing excess counterion. Specifically, these steps regard the concentration and dispersion characteristics 
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of the organic solution employed to spin the conductive polymer as well as the energy state of the substrate surface. 
Each of these factors are discussed below in seriatim. 

With regard to the concentration of the spinning solution, polymer films such as polyaniline-DBSA will provide sig- 
nificantly enhanced responsiveness to non-polar volatile organic compound vapors when prepared by spinning from 

5 dilute organic solutions, meaning solutions having concentrations of about 10% or less. Spinning in this manner results 
in the rapid formation of a polymer film onto the sensor substrate surfaces in a manner such that coiling of the polymer 
chains is minimized- This technique of film deposition provides for an open polymer configuration and further enhances 
the ability of the film to respond to low levels of volatile organic compounds. 

With regard to the dispersive. characteristics of the spinning solution, it is important that the solution from which 

10 such films are prepared be free of agglomerated polymer material, thereby minimizing coiled chain configuration in the 
prepared film. The solution from which a polymer film is cast must be dilute and thoroughly treated prior to film deposi- 
tion with such methods as ultrasonication to prevent and eliminate agglomeration and association of polymer chains in 
the prepared film. 

Furthermore, it is also determined that the substrate surface upon which the conductive film is placed must be suit- 
es ably deactivated to allow the response behavior required for sensitivity below 100 ppm. Glass and gold substrate sur- 
faces are relatively high energy hydrophilic surfaces and as such will influence the conformation of conductive polymer 
. films placed thereon. When used in the hydrophilic state, these surfaces tend to cause reduced polymer response to 
volatile organic compound vapors. If such surfaces are properly treated to enhance their hydrophobicity, they become 
suitable for enhancing the vapor response characteristics and the resulting polymer films become appropriately respon- 
se sive for detecting low level volatile organic compounds. Surface treatments such as silation with typical silane coupling 
agents, such as hexamethyldisilazane. or N-phenylaminopropyltrimethoxysilane, octyltrichlorosilane. octyltrimethoxysi- 
lane, octadecyltrichlorosilane. or octadecyltrimethoxysilane are applied to clean substrate samples using common 
vapor treatment techniques, prior to applying polymer films such as polyaniline-DBSA as discussed above. As much as 
a 200-fold increase in responsiveness has been observed for polyaniline*DBSA films when placed on substrate sur- 
25 faces in this manner. 

To illustrate the sensitivity of the present sensor 10, it has been demonstrated that the sensor can detect the pres- 
ence of xylene in ambient air at concentrations as low as 440 ppm (see Examples below). The EPA estimates that typ- 
ical fugitive emissions from leaking valves is 5.6 g/hr and from leaking flanges is 0.83 g/hr. A leak of 100 ^iL (about 0.065 
g) or more per hour could easily be programmed to set off an alarm to notify the operator. To do this, the sensor could 

30 be confined inside a plastic (e.gf.. Mylar^") wrapping around the potential leak source. A small opening would be pro- 
vided to keep the internal and external pressures equal. The sensitivity will depend on the internal volume of the 
wrapped space, and on the size of the opening to the external environment. 

In practice, an array 24 of sensor devices such as depicted in FIG. 3 may be employed which comprises individual 
sensor devices 10 each capable of detecting a specific compound but which, as a whole, provides a characteristic pat- 

35 tern of responses (or 'linger-print") to a particular target material or "odor". The use of arrays 24 of sensor devices 10 
to fingerprint target odors is known (see. e.g., M. D. Imisides et al.. Id. at page 24). Such arrays 24 are advantageous 
because they may be employed to effectively monitor target vapors even in the presence of relatively major interfer- 
ences. 

it is contemplated that the present sensors will be incorporated into monitoring systems 26 as illustrated in FIG. 4. 

40 The presence of the target species in ambient air surrounding the sensor 1 0 will cause a change in conductivity in the 
sensor of the invention. The signal caused by the change in conductivity can be nrxDnitored through wiring to a ammeter 
28 and sut>sequently read by a computer 30. Alternatively, the electrical signals from the sensor can be converted to 
optical pulses which can be detected by an appropriate detector (e.g. . a photodiode) (not shown) or transmitted through 
fiber optic lines (not shown), then converted to electrical signals at the ammeter. Another alternative would be that the 

45 response of the sensor be converted to pulses in the radio frequency range which woukJ be transmitted in space without 
the need for wires. These pulses would be collected by an antenna (not shown) and converted to electrical signals at 
the ammeter 28, The computer 30 may be programmed with an algorithm to detect threshold current values that would 
define a leaK for example, along with time constants and other pertinent variables, such as temperature. Correlation of 
these parameters will determine a point at which an "alarm" shouW be turned on. The alarm could be in the form of an 

50 audible tone {e.g.. bell, siren, efc). a flashing light, or combination thereof. 

Thus, while the sensor 10 couW be operated independently, the sensors of the invention may also be employed as 
part of a monitoring system 26 in which a computer 30 monitors a network of sensors. It is noted that the power source 
for sensor operation is not limited but may comprise any known means for energy supply, such as hard wiring for elec- 
trical service, a solar cell, or battery operation. The power requirements for running the sensor are very low. on the order 

55 of about 10 nW to 10 mW per sensor. The sensor operates at ambient temperature, so there is no danger of causing 
an explosion associated with the use of the present sensors. 

In the temperature-compensated system, the conductivity between the analyte electrodes 14a, 14b and between 
the two reference electrodes 14b, 20 is determined. This measurement is again accomplished by conventional means. 
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and does not form a part of this invention. The resulting signal is then further processed to accurately determine 
whether the target volatile compound is present in the sampled ambient air. 

The cost of these sensors would be very low. Improvements in design may also be envisioned that would allow the 
electrodes and the conductive polymer film to be "printed" on a plastic backing. The sensor could be stapled to the 
5 wrapping, and the staples could also be the leads to the electrodes. 

The following examples are provided to illustrate the prepartion and properties of the sensor of the invention. 

EXAMPLES 

10 A thin film of polyaniline was deposited over gold interdigitated electrodes on a glass slide. The electrodes con- 
sisted of 50 finger or digit pairs, each 5 mm long and 25 jam wide, with a 60 ^m period. 2 lam thick. The gold electrodes 
were sputter-deposited over a thin layer of sputter-deposited tungsten-titianium alloy, about 25 to 100 A thick, employing 
photolithography to define the interdigitated electrodes. The polyaniline was prepared and deposited by well-known 
electrochemical methods starting with an aqueous solution containing sulfuric acid, sodium hydrogen sulfate, and 

15 freshly distilled aniline (in solution as the anilinium salt), as described by Paul, et al.. J.Phys.Chem. Vol. 89, 1441 
(1985). The polyaniline was electrochemically prepared with a BAS-100B Electrochemical Analyzer operating in the 
cyclic voltammetry mode between 0 and 900 mV DC with a sweep rate of 50 mV/sec in a two-compartment cell with the 
interdigitated electrode as the cathode. All potentials were measured against a standard saturated calomel electrode, 
with a platinum mesh counterelectrode. The number of cycles employed depended upon the desired thickness and oxi- 

20 dation state of the film so produced. It was empirically determined that thickness in the electrochemically-prepared films 
is controlled by the reaction conditions and the number of layers that are deposited under those conditions. The general 
procedure employed in the fabrication of the film is described in detail below: 

1 . Prepared 25 mis solution in water comprising: 

25 

a 1 .1 M conductive polymer (e.g., aniline) 

b. 1 .1 M counterion/electrolyte (e.g.. 0.5 M H2SO4/O.6 M NaHS04) * 

2. Electropolymerized as follows: 

30 

a. Swept from 0 to 900 mV <g> 50 mV/sec. sweeping four times using monomer (e.g.. aniline) only: 

b. Rinsed with deionized water; 

c. Swept from 0 to 450 mV @ 50 mV/sec. sweeping one time using a solution of organic counterion or copoly- 
mer; and 

35 d. Rinsed with deionized water 

The thickness of polyaniline coatings applied to sensors were measured by a stylus method (Dektak Model 3030 
Surface Profile Measuring System) for sensors prepared with different numbers of sweeps in the monomer solution 
(see FIG. 5.) 

40 Furthermore, by appropriately choosing the parameters of the last sweep, the oxidation state of the produced film 
is estatrfished as either fully reduced, half-oxidized, or fully oxidized. In the example represented by FIG. 5. the final 
sweep of 0-450 mV established an oxidation state of half-oxidized for the formed film. The polyaniline was therefore 
converted to the emeraldine base form for the practice of the invention (meaning equal units of Oxidized and reduced 
states). Polyaniline, prepared in this manner, was also protonated or doped by the respective counterion in solution dur- 

45 ing electrochemical preparation. In the above exanple. polyaniline doped with bi-sulfate (i.e., HSO4) was produced. By 
substituting 1.1 M toluenesulfonic acid or copper phthalocyaninetetrasulfbnate solutions for 0.5 M H2SO4/O.6 M 
NaHS04, doping with these counterions was accomplished. Polyaniline. prepared in this manner, was deposited on the 
substrate over the interdigitated electrodes and was grown between the electrodes to completely bridge between adja- 
cent digits. 

50 Detection sensitivities were initially screened by connecting leads to the sensor element and applying a dc voltage of 
about 0.2 V between the electrodes and monitoring the resulting current as the sensor element was exposed to a chal- 
lenge vapor-the current was about 0.2 two 5.0 mA. Upon exposure the resistivity of the transducer changed, which was 
then manifested in a modulation of the current. Each prepared sensor element was exposed to saturated vapor at room 
temperature in the head-space of a small jar containing several milliliters of the challenge vapor. The saturated room 

55 temperature concentration levels of typical representative polar and non-polar vapors are reported below in Table 1 : 
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Table 1 



Calculated concentrations resulting from static 
saturated vapor challenges 


Vapor 


Concentration (parts per 
thousand) 


Hexane 


157.6 


Toluene 


28.6 


Diethyl phosphite 


3.30 


Dimethyl sulfoxide 


0.56 


Methanol 


126.8 



Alternatively, screening was done in some cases in a closed static system composed of a 600 ml vessel which con- 
tained the sensor element at room temperature. Measured amounts of the challenge liquid was introduced into the ves- 
20 sel through a syringe after which the liquid vaporized Into the much larger volume. Liquid volumes of 2 ^iL amounted to 
1 .300 (octane) to 2.600 (thiophene) ppm. Data (electrical current vs. time) were collected either manually or by compu- 
ter and were later analyzed. 

Alternatively, a special test station was employed that used permeation tubes at constant temperature and constant 
humidity. Data was collected by computer using a data logging application (LabVIEW. National Instruments). A scanner 

25 was used to address each sensor individually during the test at appropriate intervals so that data from each sensor 
could be collected at once. FIG. 6 is a detailed schematic of this test apparatus. 

Following collection of the data it was plotted as sensor response (current) vs. time. It was observed that it was dif- 
ficult to compare the raw data from sensors that were nominally identical. However plotting normalized sensor response 
vs. dosage (concentration x time) generally yielded a straight line whose slope was defined as a figure of merit (FOM) 

30 and could be used to compare various sensors. The absolute magnitude of the slope was a function of the response 
time of the sensor and was indicative of the sensitivity of the sensor to a particular challenge vapor Table 2 reports the 
ranking of various polyanlline-based sensors with various counterions and thicknesses according to the FOM: 
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Table 2 



Sensitivities of polyaniline-based sensors as a function of counterion (TSA = p-toluenesulfonate, CuPc = copper 
phthalocyaninetetrasulfonate) and thickness to triethyl phosphate, sorted by figure of merit. 


SENSOR NO. 


COUNTER-ION 


POLYMER THICK- 
NESS. ^iM 


CHALLENGE 
VAPOR CONG. 
PPM 


FOM X 10^ 


FOM CORRELA- 
TION COEFFI- 
CIENT 


51-83 


TSA 


3.2 


12.1 


2.80 


0.999 


51-71 


TSA 


10.4 


12.1 


2.20 


0.998 


^1 -7n 


T^A 


10 4 


12.1 


2 Oft 


0 QQft 






0 n 


IP 1 


P OP 


0 QQ5 




TSA 


10.4 


12.1 


1.85 


0.986 






4.4 


12.1 


1.81 


0,995 






10.0 


12.1 


1.79 


0.993 


w 1 O f 


TSA 


4 0 


12.1 


1 73 


0 993 




TSA 


4 0 


12.1 


1.57 


0.994 


W 1 O 1 


TSA 




12.1 


1 37 


0.994 




TSA 


4.0 


12.1 


1.22 


0.995 




TSA 


3.2 


12.1 


0.87 


0.996 


52-12 


CuPc 


2.0 


50.0 


0.47 


0.990 


5P-1 1 


CuPc 


2.0 


50.0 


0.39 


, 0.989 


51 -in 




inn 


50 0 


0 36 


0.986 


51 -95 


TSA 


4 n 


50 0 


0 12 


0.962 


51-28 


TSA 


10.4 


50.0 


0,11 


0.983 


51-29 


TSA 


10,4 


50.0 


0.09 


0.983 


51-26 


TSA 


4.0 


50.0 


0.08 


0.981 


51-24 


TSA 


4.0 


50.0 


0.08 


0.977 


51-27 


TSA 


10.4 


50.0 


0.07 


0.975 


51-32 


TSA 


2.0 


50.0 


0.06 


0-977 


51-31 


TSA 


2.0 


50.0 


0.05 


0.971 


51-30 


TSA 


2.0 


50.0 


0.04 


0.969 



45 

Sensor elements composed of polyaniline doped with dodecyibenzenesulfbnic acid (PANi-DBSA) or camphorsul- 
fonic acid (PANi-CSA) showed sensitivity to a number of classes of room temperature saturated challenge vapors, 
especially aromatic hydrocarbons, as shown in FIG. 7. PANi-DBSA and PANi-CSA samples were prepared from 1% 
solutions of the material supplied by Untax (Unlax Company. Santa Barbara, CA) in either chloroform or xylene sdu- 

so tions containing a one part excess of the respective counterion. Preparation of these solutions required stepwise addi- 
tion of the polymer (about 25% of the total per step) in a 1% solution of the respective counterion in the respective 
solvent, with sonlcation of 2 to 3 hours between each addition, followed by a final sonication of about 8 hours. All sen- 
sors were prepared immediately before testing using freshly filtered solutions which were spin-coated at 2,000 rpm for 
20 seconds. After spinning, samples were then placed in a vacuum desiccator for about one hour before testing. 

55 Table 3 below shows relative response data for several conductive coatings and demonstrates the performance 
enhancements afforded by the considerations discussed above. The polyaniline-OBSA spin-coated samples, which 
contained a one part excess of DBSA. gave significantly greater response to saturated toluene vapor than the other 
counterion formulations or preparation methods. 



11 



EP 0 821 228 A1 



Table 3 



Response Data with 2,800 ppm Toluene Vapor (1 1pm flow at 20% RH) 


Sample 


Response, delta 


PHTVDBSA/CHCI3 (90-2) cast 


-0.006 


PHT/DBSA/CHCI3 (90-3) cast 


-0.004 


PHT/DBSA/CHCI3 (90-4) + PANi-DBSA overcoat 


-0.003 


PANi-DBSA (55389-1) electrochem. 


-0.005 


PANi-DBSA (55389-2) electrochem. 


-0.01 


PHT/CHCI3 (83-13) 


-0.0006 


PHT/CHCI3 (83-14) + PANi-DBSA overcoat 


-0.005 


PHT/CHCI3 (83-18) 


0.006** 


PANi-DBSA (55375-5/3), excess DBSA spin-coated 


-0.021 


PANi-DBSA (55375-5/4), excess DBSA spin-coated 


-0.022 


PANi-DBSA (55375-5/5). excess DBSA spin-coated 


-0.015 


PANi-DBSA (55375-5/6), excess DBSA spin-coated 


-0.02 



Notes: 

• Poly(3-hexy{thiophene) 
•* Positive Response 

numbers in parentheses are sample numbers 



30 The response value in the right hand column of Table 3 is defined as: 

delta = (response - baseline)/baseline, 

where 

35 

baseline = current reading 2 to 5 minutes after "zero" (/.e.. the time when challenge is turned off or zero air) and 
response = current reading 1 to 2 minutes before "zero". 

FIG. 8 shows a response curve obtained for such a polyaniline-DBSA sample containing a one part excess of 
40 DBSA. In particular. FIG. 8 represents the response of the polyaniline-DBSA sample from Table 3 above having a delta 
value of -0.021. 

A sensor element was similarly tested prepared from a sample of Monsanto's Soluble Polyanlline (Monsanto Co.. 
St. Louis, MO) which is doped with dinonylnaphthalenesulfonic acid. This material is provided by the supplier as a solu- 
tion containing about 61% polymer, in 2:1 xylene/Butyl Cellosolve. Sensor samples of this material were prepared as 

45 described above. Although it showed responses to room temperature saturated vapors, the response for such samples 
was significantly less than that shown by polyanitine doped with dodecylbenzenesulfonic acid. However, the sensitivities 
were tremendously increased if the Monsanto material was exposed to ethanol (to which the sensor was extremely sen- 
sitive) prior to exposure to the other challenge vapors. This "preconditioning" appears to be a reorganization of the film's 
morphology into one that is more susceptible to interaction with the challenge vapors. These results are illustrated in 

50 FIG. 9. 

FIG. 10 shows a comparison of the relative sensitivity to saturated vapor concentrations of butyl acetate (BuOAc). 
methyl isoamyl ketone (MIAK). octane, and xylene for pdyaniline films with various counterions. These results demon- 
strate the greatly enhanced response realized wttti DBSA v. CSA and dinonylnaphthalenesulfbnate (Monsanto Co.) 
counterions. Also shown in FIG. 10 is a pdyaniline dinonylnaphthalenesulfonate film which was treated with an alcohol 
55 solvent {i.e., designated as doped with EtOH, where EtOH means ethanol). apparently resulting in a similar uncoiling 
phenomena within this film sample and giving rise to a material with greatly enhanced sensitivity to each vapor tested. 

Further studies with vapor challenges below 500 ppm demonstrate response values (delta) of greater than -0.001 
for xylene, toluene. MIAK. and BuOAc at comparable exposure periods. These data indicate suffident sensitivity to 
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these vapors for this sensor such that a delta obtained from 100 ppm or less (assuming linear behavior) can be easily 
detected. The response curves shown in FIG. 1 1 are representative of such results. Using PANi-DBSA samples pre- 
pared as described above (one part excess DBSA). tests were conducted at 1.0 liter/minute flow and 20% RH with a 
xylene concentration of 440 and 560 ppm. These results show a response change of over -0.1 delta units with a 440 

5 ppm xylene exposure of about 60 minutes. 

Sensor elements prepared by casting or spinning from solutions of regioregular poly(3-alkylthiophene-2. 5-diyl) 
(available from Rieke Metals. Inc.. Lincoln, NE). where the alkyl group consisted of hexyl. octyl, decyl, or dodecyl. were 
found to be sensitive to hexane, toluene, chloroform, methylene chloride, octane, diethyl ether, and acetone. It was 
essentially insensitive to ethanol, methanol, and water. Generally the change in response of the sensor was about 15% 

10 or less, but methylene chloride gave changes in response as high as a factor of about 20. 

Sensor substrate surfaces may be treated to enhance the responsiveness of the films cast thereon. Surface treat- 
ments with the silating agents N-phenylaminopropyl trimethoxysilane were performed to clean substrate samples using 
common vapor treatment techniques, prior to applying a polyaniline-DBSA film as discussed above. As much as a 200- 
fold increase in responsiveness to saturated toluene vapor has been observed for polyaniline-DBSA films when placed 

75 on substrate surfaces prepared in this manner. 

INDUSTRIAL APPLICABILITY 

The sensor and methods of the invention are expected to find use in detecting leaks in the fittings and valves of 
20 petroleum refineries and chemical nnanufacturing and processing plants, as well as to detect gaseous pollutants from 
vehicle exhaust and from remediation sites in remote areas. 

Thus, there has been disclosed a sensor and method for reversibly detecting volatile material in the gas phase as 
well as a method of making and using such a sensor and a monitoring system employing an array of such sensors. It 
will be readily apparent to those skilled in the art that various changes and modifications of an obvious nature may be 
25 made without departing from the spirit of the invention, and all such changes and modifications are considered to fall 
within the scope of the invention as defined by the appended claims. 

Claims 

30 1 . Sensor for reversibly detecting target volatile material in the gas phase comprising: 

(a) a dielectric substrate (12) having a major surface. 

(b) a pair of electrically conductive electrodes (14a. 14b) disposed on said major surface of said substrate (12). 
and 

35 (c) a conductive polymer (16) covering said pair of electrically conductive electrodes (I4a. I4b). said conduc- 

tive polymer (16) doped with appropriate dopants, said dopants present in said conductive polymer (16) in a 
measurably excess of that stoichiometrically required to change said conductive polymer (16) from a neutral 
state to a charged state to provide requisite conductivity, 

40 said sensor (10) being capable of detecting the presence of said target volatile material at a concentration of less 
than about 500 ppm. 

2. Sensor according to claim 1 . characterized in that said dielectric substrate (12) comprises a material selected from 
the group consisting of glass, ceramics, and dielectric polymers. 

45 

3. Sensor according to claims 1 or 2. characterized in that said electrically conductive electrodes (14a, 14b) comprise 
a material selected from the group consisting of gold, platinum, palladium, and cart)on. 

4. Sensor according to anyone of claims 1 through 3. characterized In that said conductive polymer (16) is selected 
50 from the group consisting of polyaniline. polythiophene, polypyrrole. poly(p-phenylene vinylene). derivatives of 

these polymers, and mixtures of these materials, and wherein said dopants are selected from the group constisting 
of p-toluenesulfonate. copper phthalocyanine-tetrasulfonate. poly(styrenesulfonate), camphorsulfonate. dodecyl- 
benzenesulfonate. butanesulfbnate. octanesulfonate, hexadecanesulfonate. octadecanesulfonate, and bisulfate. 

55 5. Sensor according to anyone of claims 1 through 4, characterized in that said sensor (1 0) is capable of detecting the 
presence of said target volatile material at a concentration of less than about 100 ppm. 

6. Sensor according to anyone of claims 1 through 5. characterized in that said measurable excess is about l% over 
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that stoichiometrically required to change said conductive polymer (16) from a neutral state to a charged state to 
provide requisite conductivity. 

7. Monitoring system for monitoring the content of a target volatile material in ambient air, said monitoring system (26) 
5 comprising: 

(a) at least one sensor (10) of anyone of claims 1 through 6 for reversibly detecting said target volatile material 
in the gas phase, said at least one sensor (10) positioned to be exposed to said ambient air, 

(b) a conductivity detector for measuring the conductivity of each said at least one sensor (10). said conductiv- 
10 ity detector being capable of indicating when said conductivity reaches a predetermined level. 

(c) an alarm for providing an indication when said predetermined level is reached, and 

(d) interconnectors for interconnecting said at least one sensor (10) and said alarm to said conductivity detec- 
tor. 

IS 8. Method for making a sensor according to anyone of claims 1 through 6, characterized by the steps of 

(a) providing said dielectric substrate (12) having said major surface. 

(b) disposing said pair of electrically conductive electrodes (14a. 14b) on said major surface of said substrate 
(12). and 

20 (c) preparing said conductive polymer (16) for disposition on said electrically conductive electrodes (14a. 14b) 

by doping said conductive polymer (16) with an excess of said dopants, said dopants present in said conduc- 
tive polymer (16) in measurable excess of that stoichiometrically required to change said conductive polymer 
(16) from a neutral state to a charged state to provide requisite conductivity, and 

(d) covering said pair of electrically conductive electrodes (14a. 14b) with said doped conductive polymer (16). 
2S said sensor (10) being capable of detecting the presence of said target volatile material at a concentration of 

less than about 500 ppm. 

9. Method for detecting a target volatile material in ambient air. said method comprising the steps of 

30 (a) providing a sensor (10) according to anyone of claims 1 through 6. 

(b) exposing said sensor (10) to said ambient air to generate a signal that is a function of said conductivity, and 

(c) monitoring said conductivity of said conductive polymer (16). said method resulting in the detection of said - 
target volatile material at a concentration of less than about 500 ppm. 

35 10. Method of using a sensor for reversibly detecting a target volatile material in the gas phase, said sensor (10) com- 
prising a dielectric substrate (12) having a major surface, a pair of electrically conductive electrodes (14a. 14b) dis- 
posed on said major surface of said substrate (12), and a coating (16) covering said pair of electrically conductive 
electrodes (14a, 14b). said coating (16) consisting essentially of at least one conductive polymer doped with appro- 
priate dopants to achieve a requisite conductivity and to have an affinity for said target volatile material, said 

40 method comprising the steps of 

(a) connecting said sensor (10) to a mechanism capable of communicating the presence of said target volatile 
material upon detection thereof by said sensor (10), and 

(b) positioning said sensor (10) such that said sensor (10) is exposed to ambient air in an area of concern 
45 regarding the presence of said target volatile material. 

11, Method according to claim 9. characterized in that said dopants are present in said conductive polymer in measur- 
able excess of that stoichiometrically required to change said conductive polymer from a neutral state to a charged 
state to provide requisite conductivity, and wherein said sensor (10) is capable of detecting the presence of said 
so target volatile material at a concentration of less than about 500 ppm. 
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